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ABSTRACT
There has been rapidly growing interest in the sintering process of nanoparticles (NPs)
among academia and modern industry, due to their promising applications in additive
manufacturing (AM) based on the overall improved properties at nanoscale. In the past decade, a
lot of experimental and computational work has been conducted to study the sintering process of
powder materials. However, there is still a significant knowledge gap in a fundamental
understanding of the thermodynamics and nanostructural evolution of NPs undergoing additive
manufacturing. This thesis aims to gain fundamental insights into melting behavior of different
materials including single-crystal, bimetallic core/shell alloy, and intermetallic alloy NPs.
(Molecular dynamics) MD simulations were used to mimic selective laser melting (SLM)
process during AM. Through a series of simulations involving two-NP systems with varying
core-volume fractions, it is revealed that there is a significant effect associated with the
interfacial melting of the core metal and gradual alloying of the molten aluminum (Al) shell
during a two-stage melting process in a “melting zone.” In the following parts of the thesis,
further investigation on deformation mechanism on the produced single-crystal titanium (Ti) and
bimetallic Ti/Al alloy five-NP-chain systems under high strain rate is conducted to gain the
tensile properties of the materials. It is found that the heating rate, final heating temperature and
core-volume fraction of NPs have strong effects on the tensile properties of the final product.
Through detailed investigation on deformation mechanisms on the tensile properties of the
products at high strain rate, formation of stacking faults and icosahedral structures are identified
ii

through common neighbor analysis. This study of different materials at nanoscale will shed light
on sintering process and prototyping in AM.
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CHAPTER I
INTRODUCTION

1.1.Research Background
There has been rapidly growing interest in the study of nanoparticles (NPs) among
academia and modern industry, due to their promising applications based on the overall
improved properties at nanoscale (Yin et al. 2004). The sintering process of nanoparticles have
drawn great attentions in rapid manufacturing from the aspects of meeting performance and cost
requirements through the use of laser radiation to selectively sinter NPs (Ko et al. 2007). With
the advent of additive manufacturing (AM) or 3D printing of metals (Frazier 2014; Herzog et al.
2016) and especially the laser AM technique (Gu et al. 2012) in recent years, significant amount
of research has been dedicated to the design, characterization, and optimization of metal powders
for a consistent, repeatable, and predictable parts manufacturing (Slotwinski et al. 2014). Direct
metal laser sintering (DMLS) (Grünberger and Domröse 2015) or, alternatively, selective laser
melting (SLM) (Bremen et al. 2012) are two important powder-bed fusion processes for metals
and alloys. However, thermal effect on the physical and chemical properties of the NPs (Baletto
F and Ferrando R 2005) makes such research topic more complicated, due to the possible
phenomena of melting and evaporation under high laser intensity (Wang et al. 2008). Besides
extensive experimental research (Greer and Street 2007) on the sintering of NPs, many
theoretical and computational efforts have been made to model and evaluate the sintering process
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over the past decades. At nanoscale, effects of atomic forces as well as large surface-to-volume
ratio are more significant, which may change the governing mechanisms for particle sintering
extensively. Therefore, molecular dynamics (MD) method, introduced by Alder and Wainwright
(1957), has become a useful computational tool to measure thermodynamic properties and
evaluate the phase diagram of materials at nanoscale. MD simulation has been employed for
studying the fundamental physics such as in neck growth (Pan et al. 2008), gyration radius (Song
and Wen 2010), densification and dislocation (Zhu and Averback 1996) of different materials
such as gold (Yang et al. 2012), silver (Pan et al. 2008), copper (Yang et al. 2012), iron (Nguyen
et al. 2011), nickel (Zhu and Averback 1996), and etc. during particle sintering. Along with
sintering behavior of nanoparticles, it is the physico-mechanical properties of the sintered
products that at of importance. Different factors during sintering process such as size and
geometry of NPs, and heating/cooling rates can affect the mechanical properties of the final
product. Thus, mechanical features of the final product should be tested before application by
exploring a fundamental insight into its deformation mechanisms at the molecular level.
Previously, MD simulations have been performed to investigate deformation characteristics
under different loading conditions such as tension (Jiang 2010; An 2017; Chang 2017),
compression (An 2017), torsion (Weinberger 2010; Jiang 2010), and bending (McDowell 2008)
of different materials such as gold (Jiang 2013; Park 2005), copper (Jiang 2013; Jiang 2009;
Jiang 2010), silver (Jiang 2013; Zheng 2017), titanium (An 2017; Chang 2017; Ren 2018) and
etc. at nanoscale.

2

1.2. Objective of Research
This thesis aims to gain fundamental insights into melting behavior of different materials,
such as single-crystal, bimetallic core/shell alloy, and intermetallic alloy nanoparticles using MD
simulations mimicking SLM process. Further investigation on deformation mechanism of the
produced NP-chains under high strain rate is conducted to test the tensile properties of the
materials before applications. This study of different materials at nanoscale will shed light on
sintering process and prototyping in additive manufacturing.
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CHAPTER II
GOVERNING EQUATIONS AND METHODOLOGY

2.1. Molecular Dynamics at the Atomic Scale
Since Alder and Wainwright (1957) first introduced molecular dynamics in academia, it
has been widely employed to simulate properties of different materials. With an initial set of
positions and velocities of interacting atoms, the subsequent time evolution can be simulated in
MD by solving the equations of motion. MD is in fact a method to obtain a set of configurations
distributed according to statistical distribution functions, such as the canonical ensemble,
exp(−𝐻 (𝛤)/𝑘𝐵 𝑇

(2.1)

where 𝐻 (𝛤) is Hamiltonian, 𝛤 represents the set of positions and momenta, and 𝑘𝐵 is the
Bolzmann’s constant (1.38 × 10−23 𝐽/𝐾) which is the number that relates the average energy of
a molecule to its absolute temperature, T.

2.1.1. Modeling the Physical System
In MD, the atomic level of a physical system can be expressed in terms of positions and
momenta of the constituent atoms. The Hamiltonian H of a system of N atoms can be written as a
sum of kinetic and potential energy functions of the set of coordinates 𝒒𝑖 and momenta 𝒑𝑖 of
each atom i.
𝐻 (𝒒, 𝒑) = 𝐾 (𝒑) + 𝑉(𝒒)
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(2.2)

2
𝐾 =  ∑𝑁
𝑖=1 ∑𝛼 𝒑𝑖𝛼 /2𝑚𝑖

𝑉 =  ∑𝑖 ∑𝑗>𝑖 𝑣(𝑟𝑖𝑗 )

(2.3)
(2.4)

The potential energy V contains the information of interatomic interactions. When
knowing V, it is possible to construct an equation of motion, which governs the time-evolution of
the system and its mechanical properties. The potential energy is a function of the relative
positions of the atoms with respect to each other, which is translationally and rotationally
invariant. The potential model used in this thesis will be discussed more in Section 2.1.4.

2.1.2. Boundary Conditions
There should be boundary conditions applied at the boundaries of a simulated system to
prevent the system to terminate. There are two boundary conditions that will be considered in
this study: periodic boundary conditions and non-periodic shrink-wrapped boundary conditions.
If the box is periodic, particles interact across the boundary and they can exit one end of
the box and re-enter the other end. A periodic dimension can change in size due to constant
pressure boundary conditions or box deformation. On the other hand, if the box is nonperiodic, particles do not interact across the boundary and cannot move from one side of the box
to the other. Using non-periodic shrink-wrapped boundary conditions, the position of the face is
set so as to encompass the atoms in that dimension no matter how far they move.

2.1.3. Equations of Motion
One of the fundamental forms of the classical equations for motion can be written as
Lagrangian equation of motion considering a system of N particles,
𝑑

𝜕𝐿

𝜕𝐿

𝒊

𝒊

( ) − (𝜕𝒒 ) = 0
𝑑𝑡 𝜕𝒒̇
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(2.5)

where the Lagrangian function L(q, 𝒒̇ ) is defined in terms of kinetic and potential energies.
L=K–V

(2.6)

With Cartesian coordinates 𝒓𝑖 and the common definitions of K and V, it can be shown
that the dynamics of conservative system consisting of N particles is governed by Newton’s
equation of motion for each particle i:
𝑚𝑖

𝑑 2 𝒓𝑖
𝑑𝑡 2

𝜕

= 𝑚𝑖 𝒂𝑖 = − 𝜕𝒓 𝑈𝑡𝑜𝑡 (𝒓1 , 𝒓2 , … , 𝒓𝑁 )
𝑖

(2.7)

where 𝑚𝑖 ,𝒓𝑖 , and 𝒂𝑖 are the mass, position, and acceleration vectors of particle i, respectively,
and 𝑈𝑡𝑜𝑡 is the total potential energy that depends only on the particle positions. A standard
numerical method commonly used is the finite difference approach, to solve the ordinary
differential equation above (2.5). Particularly in MD simulations, the Gear predictor-corrector
algorithm is usually employed (Allen and Tildesley 1989).
Although MD is a very efficient tool for optimization of structures overcoming local
energy minima, there should be caution in interpretation because the atomistic level obey
quantum law rather than classical mechanics laws.

2.1.4. The Embedded Atom Method (EAM) Potentials
In MD, forces acting on atoms are calculated from the potential energy V which depends
on the particle’s coordinates. Therefore, it is important to find an adequate potential model for
the interested material for simulation. Among the commonly used potentials, EAM potentials are
used in all simulations performed in this work.
The EAM was first developed by Daw and Baskes (1984) and became a powerful tool to
model interatomic potential for metals and alloys. The total energy 𝐸𝑖 of an atom i is given by,
1

𝐸𝑖 = 𝐹𝛼 (∑𝑗≠𝑖 𝜌𝛽 (𝒓𝑖𝑗 )) + ∑𝑗≠𝑖 𝜙𝛼𝛽 (𝒓𝑖𝑗 )
2
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(2.8)

where 𝒓𝑖𝑗 is the distance between atoms i and j, 𝜙𝛼𝛽 is a pair-wise potential function, 𝜌𝛽 is the
contribution to the electron charge density from atom j of type β at the location of atom i, and F
is an embedding function that represents the energy required to place atom i of type α into the
electron cloud.

2.1.5. Temperature and Pressure Control
To mimic sintering process, temperature and pressure of the system are controlled in all
simulations performed in this work. The most essential way to control temperature and pressure
in MD is through Nose-Hoover style non-Hamiltonian equations of motion, which enables
simulation systems to achieve realistic conditions such as the canonical (nvt), isothermal-isobaric
(npt), and isenthalpic (nph) ensembles. N is number of atoms, V is volume, T is temperature, P is
pressure, and H is enthalpy.

2.1.6. Calculation of forces and stresses
The Virial stress, on which will be focused in this study is derived from the virial
theorem of Clausius (1870) as a thermodynamics approach to the formulation of atomic-scale
stress. It has been widely used to calculate the pressure of a system in the past two decades
(Rowlinson and Wideom 2002). Cheung and Yip (1991) showed that the virial stress is
equivalent to the mechanical definition of stress for a homogeneous system and that the
equivalence can be demonstrated by using the concept of volume average if inhomogeneity
occurs.
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CHAPTER III
ATOMISTIC MODELING AND MELTING BEHAVIOR OF NANOPARITLCES

In this chapter, melting behavior of different materials, such as single-crystal, bimetallic
core/shell alloy, and intermetallic alloy nanoparticles are studied systematically using MD
simulations mimicking SLM process.

3.1. Introductory Remarks
Core/shell nanoparticles are NPs that are made of two or more distinct inorganic or
organic materials comprising an inner “core” and an outer “shell” and come in different shapes
and sizes, such as spherical, cube, prism, hexagonal, octahedral, disc, wire, rod, and tube
(Chaudhuri and Paria 2012). They are a unique class of powder materials that have found
numerous applications in, for example, semiconductors, optoelectronics, catalysis, quantum dots,
and biological labeling during the past two decades (Naplocha and Granat 2009; Xu et al. 2011;
Chaudhuri and Paria 2012; Gu et al. 2014; Yu et al. 2017). The main advantages of utilizing
core/shell NPs in materials processing are to impart multifunctionality to the final product, to
improve stability and dispersibility of the NP constituent materials, to achieve a controlled
release of the core material, or to reduce the precious core material content in the final product
without sacrificing its processability (Chaudhuri and Paria 2012). However, there still is a
significant knowledge gap in a fundamental understanding of the thermodynamics and
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nanostructural evolution of a novel class of nanoscopically heterogeneous alloys undergoing
additive manufacturing. Along with pure aluminum (Al) and titanium (Ti) NPs, MD simulation
is utilized to elucidate the melting behavior of Ti/Al core/shell NPs, subjected to a rapid heating
congruent with the conditions for the SLM process. Previously, Al-Cu and Al-Ti dissimilar joints
have been fabricated using the ultrasonic additive manufacturing (UAM) technique (Obielodan
et al. 2010; Wolcott et al. 2016). In addition, MD simulation has been used in recent years to
study the phase transformations and thermal behavior of Au/Cu clusters (Rodrıguez-López et al.
2003) and Co/Au nanoalloys (Rapallo et al. 2012)---, melting of Ni/Ag and Co/Ag core/shell
nanoclusters (Kuntová et al. 2008), melting and solidification behavior of Al/Cu core/shell NPs
(Cheng et al. 2013), thermal behavior of Pt/Au (Yang et al. 2008) and Ni/Al (Song and Wen
2010) core/shell NPs, thermal stability of Co/Pt and Co/Au NPs (Wen et al. 2017), as well as
sintering of Cu/Ag core/shell NPs (Wang et al. 2016a; Wang and Shin 2017a) and nanowires
(Wang and Shin 2017b), solid/hollow Au/Pt and Pt/Au core/shell NPs (Huang et al. 2014), Ti/Al
core/shell NPs (Zhang et al. 2016), and solid/hollow Ag NPs (Jiang et al. 2013). Another
material that will also be studied in this work is an intermetallic gamma(γ)- titanium aluminide
(TiAl) alloy NPs. Intermetallic titanium aluminides are one of the few classes of emerging
materials due to their unique mechanical properties of high strength and elastic stiffness with
excellent high temperature retention. Thus, it should be tested for high-temperature structural
applications whenever specific strength and stiffness are of major concern. While most of the
previously published computational work is on the sintering behavior of pure NPs, further study
on bimetallic and intermetallic alloy NPs have been limited in scope. Thus, it is aimed in this
work to give detailed atomistic insights into the phase transition phenomena in these various
NPs.

9

3.2. Computational Set-up
The initial structures of the pure FCC metals and FCC core/shell NPs were created in the
Atom/Molecule/Material Software Kit (ATOMSK) (Hirel 2015). The most stable crystal
structure of Al is FCC (lattice constants: 0.404 nm), while it is HCP for Ti. However, a sizedependent HCP-to-FCC transition is observed at temperatures below 600 K and around a Ti NP
diameter of 6.5 nm (Xiong et al. 2011). The shell diameter of all the spherical NPs in this work
was fixed at 10 nm, while six different core volume fractions (3%, 12%, 30%, 33%, 50%, and
67%) were selected for Ti (core) /Al (shell) bimetallic NPs (Table 1). The FCC crystal structure
was selected for Ti (lattice constant: 0.434 nm), consistent with the reported observation (Xiong
et al. 2011), since the Ti NP sizes were in the range of ~3 nm to 10 nm with ~7 nm for Ti core.
The Materials Studio software was utilized to create γ-TiAl supercell. The bulk γ-TiAl was cut
into a sphere using ATOMSK. All simulations were run in LAMMPS package (Plimpton 1995)
using the embedded-atom method (EAM) potential (Daw and Baskes 1984). The EAM
parameters are those published for Ti (Zhou et al. 2004) and Al-Ti (Zope and Mishin 2003).
Each of the single NPs was first geometry-optimized using the Conjugate Gradient (CG) method.
Then the NPs were relaxed by an NVE (constant number of atoms, N; constant volume, V;
constant energy, E) simulation with a temperature ramping from 100 K to 300 K at 0 atm
pressure for a simulation time of 100 ps. The temperature was controlled by a Berendsen
thermostat (Berendsen et al. 1984). Once relaxed, the NPs were equilibrated at 300 K using an
NVT (constant number of atoms, N; constant volume, V; constant temperature, T) ensemble with
a time step of 2 fs for 100 ps. Next, two-NP systems of simulations were performed. The NPs
were placed in cubic simulation cells at an initial surface-to-surface distance of 3 Å. Then an
NVT simulation was run at 300 K for a total simulation time of 1 ns (time step of 2 fs) for a
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solid-state sintering of the NPs. The cross-sectional views of NP systems prepared in this study
are given in Fig. 1. The system temperature was ramped from 300 K to 2,100 K with a heating
rate of 1 K ps-1 , while running an NVT simulation. A superfast heating rate, roughly mimicking
a femtosecond laser, was used in this study similar to the upper limit employed by Jiang et al.
(2013) in their study. Finally, changes in potential energy and mean square displacement (MSD)
during melting of the two-NP systems were analyzed. Table 2 contains the loop time of melting
of two-NP systems of single crystal, bimetallic core/shell alloy, and intermetallic alloy using
Maple, a supercomputer available in Mississippi Center for Supercomputing and Research
(MCSR). The loop time indicates the total time for a run.

Table 1 Structures of pure metals, core/shell alloy, and intermetallic alloy nanoparticles (NPs).

Core Volume
Element

Number of Atoms
Fraction (%)

Al

0

31,688

Ti

0

25,720

Ti (Core)/Al (Shell)

3

784/30,468

12

3,388/26,712

30

6,996/21,808

33

9,604/19,888

50

14,240/14,300

67

18,276/9,136

0

16,053/16,040

γ-TiAl

11

Fig. 1 Cross-sectional views before room-temperature sintering in two-NP configurations of (a)
pure metal NPs, Ti (core) /Al (shell) bimetallic NPs with core volume fractions of (b) 3%, (c)
12%, (d) 30%, (e) 33%, (f) 50%, (g) 67%, and (h) intermetallic γ-TiAl NPs. The initial shell
diameter of the NPs and surface-to-surface distance between the NPs were 10 nm and 3 Å,
respectively.

Table 2 The loop time of melting of single crystal, bimetallic core/shell alloy, and intermetallic
alloy NPs.

Core Volume

Number of

Fraction (%)

Processors

Ti

0

24

1,555,820

Ti (Core)/Al (Shell)

33

12

621,869

50

12

405,360

67

12

980,352

0

12

675,881

Element

γ-TiAl

Loop Time (s)

12

3.3. Melting behavior of the two-NP systems
Potential energies (PEs) as a function of temperature are given for the two-NP pure metals,
Ti/Al core/shell alloy, and γ-TiAl intermetallic alloy systems in Fig. 2a. As expected, the PE
increases with increasing temperature, and a phase transition occurs when a sharp increase in PE
is observed due to the release of the latent heat of melting (Zhang et al. 2016). For pure metals,
melting takes place around 660 K for Al and 1,540 K for Ti. The experimental melting
temperatures for Al (933 K) and Ti (1,940 K) are about 300 - 400 K higher than those obtained
in the two-NP simulations. This observation is attributed to the system size effect (Takagi 1954;
Jiang et al. 2007; Lopeandia and Rodriguez-Viejo 2007; Sun and Simon 2007). As the system
size decreases from bulk to nanometer scale, the melting temperature of the pure metal or alloy
depresses. It may also be speculated that heating rate affects the melting point depression in the
NP systems. However, the melting takes place around 1,700 K for the intermetallic γ-TiAl alloy,
which almost corresponds to its experimental melting temperature.
The PE curves of the core/shell alloy NPs show a distinct melting zone that gets broader as
the core volume fraction increases. Also, the initial rise in the PE of the Ti/Al core/shell alloy
NPs occurs at the temperature of 910 K, which is about 38% higher than that of the pure Al NPs
(660 K). This observation is true for all core volume fractions, consistent with previous
observations (Zhang et al. 2016). Moreover, the PE of the core/shell alloy NPs show a decrease
after a plateau region in the melting zone (a two-stage melting behavior) that is attributed to the
gradual melting of the core/shell interface and formation of molten alloy with increasing core
metal concentration, until all the core metal has melted. This second stage of melting with its
characteristic decrease in PE is common for many bimetallic core/shell alloy systems and has
previously been reported and discussed for the melting of Au/Pt and Pt/Au core/shell NPs
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(Huang et al. 2014). The origin of this decrease in the PE during the intermixing of the core and
shell metals has been attributed to the discrepancy between the surface energies of the two
components (Huang et al. 2014). As seen in Fig. 2c in the atomic distribution (ADs) and
structural analyses (SAs) of the systems in the melting zones (870-1,340 K for Ti/Al), the cores
undergo a gradual crystal-to-amorphous transition at the interface with core metal atoms
diffusing into the shell until the crystalline cores shrink and ultimately disappear. This shellfacilitated interfacial melting of the core metal results in a melting point depression for the core
metals as seen in Fig. 2a. This phenomenon can be explained by the higher PE of the interfacial
core atoms than those of the inner core atoms (see the PE maps) at all temperatures, facilitating
the phase transition of the core metals at the interface. The PE curve of the intermetallic alloy
NPs, however, shows a trend similar to that of the pure metals due to their ordered crystal
structure. Because the number of Ti and Al atoms of the intermetallic alloy and bimetallic alloy
with 50% core volume fraction nearly coincide, their PE curves overlap to each other after the
interfacial melting and fusion.
The fusion behavior of the NPs during melting is better understood by monitoring the
changes in the mean square displacement (MSD) in the different systems as a function of
temperature, which are given in Fig. 3. The MSD is a measure of the average distance that an
atom travels in the sintering process. As the temperature increases, the simultaneous ascending
of the MSD occurs. These sudden changes with steep slopes shown on the curves indicate the
onset of the melting stage with the coalescence of the two NPs. Moreover, the difference in the
post-melting MSD values for the Ti/Al core/shell NPs are due to different number of atoms
presented in these NPs, with pure Ti having the smallest number (Table 1).
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Fig. 2 (a) Potential energy (PE) per atom as a function of temperature for NP systems of pure Al,
pure Ti, Ti (core)/Al (shell) with core volume fractions of 3, 12, 30, 33, 50, and 67%, and γ-TiAl.
Atomic distribution (AD), structural analysis (SA), and PE for NP systems of (b) pure Ti, (c)
Ti/Al (50%), and (d) γ-TiAl configuration versus key PE evolution temperatures corresponding
plot (a).

Fig. 3 Temperature dependence of MSD for NP systems of pure Al, pure Ti, Ti (core)/Al (shell)
with core volume fractions of 3, 12, 30, 33, 50, and 67%, and γ-TiAl.
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The MSD for the pure metals and intermetallic alloy increases sharply at the melting point
of these materials, indicating the initiation of the NP fusion process. For the core/shell alloy NPs,
the fusion initiates at higher temperatures than those observed for the pure Al NPs (660 K),
consistent with the PE observations in Fig. 2a. As the core volume fraction increases in the
core/shell alloy NPs, a gradual decrease in the slope of the MSD curves occurs in the melting
zone due to the gradual melting of the core metals. This observation indicates a slower fusion
process for the core/shell alloy NPs at higher core volume fractions.

3.4. Summary
In this chapter, MD simulation is utilized to gain key molecular insights into the melting
behavior of two commercially important pure metals i.e., Al and Ti, Ti/Al core/shell alloy and γTiAl intermetallic alloy NPs, under conditions that roughly mimic the SLM process. Through a
series of simulations involving two-NP systems with varying core metal volume fractions, it is
revealed that there is a significant effect associated with the interfacial melting of the core metal
and gradual alloying of the molten Al shell during a two-stage melting process in a “melting
zone.” This melting zone broadens as the core volume fraction increases in the two-NP systems.
Because of the large difference in the melting temperatures of the core metal Ti and Al shell, it is
possible to sinter and melt the shell while the core metals are still solid, so long as the
temperature in the SLM process can be controlled at values below the melting temperature of the
core metal. It is also found that the intermetallic alloy melts in similar trend to the pure metals
and melts at the higher temperature than the bimetallic alloy with 50% core volume fraction.
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CHAPTER IV
ATOMISTIC SIMULATION OF SINGLE-CRYSTAL TITANIUM NANOPARTICLE
CHAINS UNDER TENSILE LOADING

In the previous chapter, melting behavior of pure Al and Ti, bimetallic Ti/Al core/shell
alloy, and γ-TiAl intermetallic alloy NPs were studied. Further investigations on the sintering
behavior and tensile properties of the produced pure Ti and bimetallic Ti/Al alloy NP-chain
systems will be discussed in the next two chapters.

4.1. Introductory Remarks
While there have been many efforts made to study the sintering behaviors of single
crystal NPs of different metals (see Section 1.1), there is few study on HCP titanium (Ti) NPs
nevertheless of its confluence of properties not found in many other metals, such as high
strength, low density, excellent corrosion resistance and biocompatibility. In this study, HCP
crystal structure was selected for Ti because it is the most stable crystal structure of Ti.
Controlling various factors such as size and geometry of NPs, and heating/cooling rates during
sintering process can affect the mechanical properties of the final product. Therefore, it is
important to test the final product after sintering before application by exploring a fundamental
insight into its deformation mechanisms at the molecular level. There have been some efforts
made to explore the environmental vibration effects on the sintering behavior and corresponding
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compressive strengths of the final product of four silver NPs (Zheng et al. 2017). To the best of
the authors’ knowledge, so far there still is a big knowledge gap on the sintering behavior of
HCP Ti NP systems and tensile strengths of the produced NP system. In this chapter, melting and
solidifying behaviors mimicking the SLM process of five initially stand-alone single-crystal Ti
NPs and tensile strengths of the produced NP-chains are investigated using MD simulations. The
influence of temperature conditions including the final heating temperature and different heating
rates in the sintering process are studied followed by strain rate effects on the tensile behavior to
further investigate the deformation characteristics of the NP-chains.

4.2. Simulation Methodology
The initial bulk structures of the pure HCP Ti NP were created in the
Atom/Molecule/Material Software Kit (ATOMSK) (Hirel 2015). A solid sphere was extracted
from the bulk HCP Ti crystal with [1 1̅ 0 0], [1 1 2̅ 0], and [0 0 0 1] crystallographic directions,
which coincide with the x-, y-, and z-axes, respectively. All simulations were run in the
LAMMPS package (Plimpton 1995) using the embedded-atom method (EAM) potential (Daw
and Baskes 1984). The total energy U for a system of N atoms is described as
1

N
U =  ∑N
i=1[Fi (ρi + 2 ∑j≠i φij (rij ))]

(4.1)

where Fi is the embedding function, ρi is the electron density at atom i, ij is a pair interaction
function, and rij is the distance between atom i and j.
The EAM parameters are those published for Ti (Zhou et al. 2004). A single-crystal Ti
NP was first equilibrated at room temperature (298 K) using an NVT (constant number of atoms,
N; constant volume, V; constant temperature, T) ensemble with a time step of 2 fs for 100 ps to
reduce the initial stresses resulting from the introduction of free surfaces cut from the bulk. The
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equilibrated NP was then duplicated into a five-NP system along the x-direction in a cubic
simulation cell at an initial surface-to-surface span of 4 Å, as shown in Fig. 4. Periodic boundary
condition was applied in the x-direction to mimic an infinitely long NP-chain, while nonperiodical boundary condition was applied in the other two directions. An NVT simulation was
performed at 298 K for a total simulation time of 1 ns (time step of 2 fs) to realize a solid-state
sintering process of those initially stand-alone particles. Subsequently, a system temperature
ramp was applied to the system based on the reported observation of approximately linear
temperature increase during laser heating of the metal NPs (Jiang et al. 2013). Two heating rates
of 0.04 K, and 0.2 K ps-1 were chosen for the system to be heated up to two different
temperatures, i.e., T = 1,200 K and T = 1,500 K while running an NVT ensemble. The system
temperature was computed and monitored every 100 steps during the heating process. All formed
NP-chains were then equilibrated for 1 ns in order to obtain a stable state of neck connections
after the rapid heating process. All cases were then cooled to 298 K at a rate of 0.08 Kps-1 . The
system was then equilibrated again at 298 K for 1 ns to eliminate the possible pre-stresses state
in the NP-chains due to the dynamic cooling process. The entire procedure of preparing the
sintered products for further mechanical testing is in Fig. 4.
The NP-chains formed with stable neck connections among initially stand-alone NPs
after heating-and-cooling process were subjected to uniaxial tension with strain rates of 0.001%,
0.01%, and 0.1% ps-1 along the x-axis.
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Fig. 4 A schematic overview of MD simulation procedures of this work. The cross-sectional
view is taken from the xy-plane cut from the middle. The initial diameter of the NPs is 10 nm
and the gap between the two particles is 4 Å.

The simulated strain rate is given as
ε̇ xx =
where εxx =

∆Lx
Lx

∆εxx

(4.2)

∆t

is the nominal strain of the NP-chains at each time step simulating strain rates

at 0.001%, 0.01%, and 0.1%ps−1 , respectively.
The stresses are calculated using the Virial theorem, which is defined as
1

αβ

1

N
α α
N
′ αβ
σij = V (− ∑N
α=1 mα ẋ i ẋ j + 2 ∑α=1 ∑α≠β U (r )

αβ

∆xi ∆xj
rαβ

)

(4.3)

where V is the volume of the system, ẋ 𝑖α is the i th component of velocity of atom α, mα is the
αβ

β

mass of atom α, r αβ is the distance between two atoms α and β, ∆x𝑖 = x𝑖α - x𝑖 , U is the potential
αβ
energy, r αβ =  ‖∆x𝑗 ‖. The stress-strain responses of the NP-chains are obtained from the

simulation statistics.
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Based on the common neighbor analysis (CNA) (D. Faken and H. Jonsson 1994), the
local atomic structures were classified in order to investigate the deformation characteristics
during tension, in which HCP atoms, BCC atoms, FCC atoms, and non-structure atoms are
colored red, blue, green, and white gray, respectively. This is implemented by using the Open
Visualization Tool (OVITO) (Stukowski 2010).

4.3. Results
4.3.1. Laser Sintering Process
Before applying any laser heating, Ti NPs were aligned along the x-direction and
equilibrated at 298 K. The NP-chains obtained from the room temperature sintering process are
then heated up linearly from 298 K to 1,200 K and 1,500 K at the rate of 0.04 K and 0.2 K ps-1
accordingly. As an important characteristic of a sintering process, the mean square displacement
(MSD) is investigated to measure the average distance that an atom travels during the sintering
process. The laser heating rate effect on the MSD evolutions on the NP-chains during heating
process is presented in Figs. 5a and 5b, i.e. 1,200 K and 1,500 K, respectively. The temperature
at which the MSD significantly increases indicates the initiation of melting. Both cases in Fig. 5
show that the MSD increase is larger at a slower heating rate. At the slower heating rate, more
time is required to reach the desired temperature from 298 K having the atoms in the particles to
have longer period to interact with each other. This thoroughly sintering process results in larger
neck width and MSD value in the NP-chains. The atomic trajectories implemented using CNA in
Fig. 5 confirm that the NP-chains are melted more thoroughly thus increasing neck width and
MSD value when reaching to a higher final heating temperature at a slower rate.
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Fig. 5 Temperature dependence of the MSD of Ti NP-chains heated up to (a) 1200 K and (b)
1500 K at two different laser heating rates.

After the NP-chains are heated up to the desired temperatures, all produced NP systems
are equilibrated at the current temperature for 1 ns in order to obtain a stable state of neck
connections after the rapid heating process. Then, the systems are cooled back to 298 K at a rate
of 0.08 K ps-1 . To gain further insights into the sintering behavior, time histories of temperature
change during heating of the NP-chains up to 1,500 K at 0.04 K ps-1 , equilibrium, and cooling
process are presented as A, B, and C, respectively, in Fig. 6a. The deformation evolutions at the
end of the corresponding stages of the NP-chains are implemented using CNA in Fig. 6b. It is
observed that the neck connections in the NP-chains become slightly stronger during the
equilibrium using an NPT ensemble (see region B in Fig. 6b). This phenomenon is observed in
all cases of the equilibrium process. The resulted NP-chains with more stable neck connections
are then subjected to cooling back to 298 K at 0.08 Kps-1 . Recrystallizations of HCP structures
from the disordered atoms formed during heating are observed during the cooling stage as shown
in region C in Fig. 6b, while the same phenomenon took place in all other cases of cooling.
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Fig. 6 (a) Time histories of temperature and (b) configurations corresponding to the state
indicated in (a) during Ti NP-chains heated up to T= 1,500 K at 0.04 K ps-1 and cooled back to T
= 298 K at 0.08 K ps-1 .

4.3.2. Tension Test
To verify the effectiveness of the proposed heating-and-cooling procedure presented in
the previous section, the NP-chains formed after room temperature solid sintering were subjected
to a uniaxial tension along the x-axis, at strain rates of 0.001%, 0.01%, and 0.1% ps-1 . The stressstrain curves as a result of this tension test are presented in Fig. 7. It shows that a sudden drop of
the curves occurs after a linear increase of the strengths at all strain rates applied. The stressstrain curves in Fig. 7 show a wavelike characteristic after the drop, as the repeated sharp
decrease and increase of the strengths can be observed. The yield strengths, which almost keep
constant (about 1.3 GPa), show a weaken dependence on the strain rates; however, the strengths
increase slightly as the strain rate increases. This observation is congruent with the result from
the tension test on the prepared NP-systems after heating-and-cooling. Those obtained NP-chains
with stronger neck connections were subjected to a uniaxial tension at the same strain rates
applied in Fig. 7. As a result, the strain rate effect on tensile strengths of the NP-chains prepared
under different thermal conditions of the final heating temperature and the heating rates during
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sintering process are presented in Fig. 8. In accordance to the same trend observed in Fig. 7, a
weaken dependence of the strain rate on yield strengths are observed in Fig. 8, as well as an
increase in yield stress as the strain rate increases. These observations are more noticeable in the
system where the final heating temperature during sintering process is increased to 1,500 K in
Figs. 8c and 8d from 1,200 K in Figs. 8a and 8b. It is seen that the heating rates during sintering
process play a crucial role on the tensile strengths of the final NP-chains. The heating rate effect
is also more significant in Figs. 8c and 8d, where the final heating temperature of the NP-chains
is 1,500 K. While it was found in the previous section (see Section 4.3.1.) that the largest neck in
between the NPs were obtained when the system was heated to 1,500 K with the slower heating
rate of 0.04 K ps-1 , the stress-strain curves in Fig. 8c show significantly higher yield strength at
all strain rates applied compare to Fig. 8d, where the system was prepared by heating up to the
same final temperature at the higher heating rate.

Fig. 7 Stress-strain responses of Ti NP-chains at ε̇ = 0.001%, ε̇ = 0.01%, and ε̇ = 0.1% ps-1 at
298 K without heating and cooling process.
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Fig. 8 Stress-strain responses of Ti NP-chains at T = 298 K and 𝜀̇ = 0.001%, 𝜀̇ = 0.01%, and
𝜀̇ = 0.1% ps-1 , first heated up to (a, b) T = 1200 K, and (c, d) T = 1500 K.

4.3.3. Deformation Mechanism
In this section, the deformation mechanism of the final products first heated up to 1,500
K during sintering process, as shown in Figs. 8c and 8d, are further investigated to explore the
heating rate effect during sintering process on the tensile strengths of the final product at
different tensile loading. Figs. 9a, 10a, and 11a show stress-strain relationships of those NPchains prepared and subjected to tension test with strain rates of 0.001%, 0.01%, and 0.1% ps-1 ,
respectively. Points where significant changes take place on the NP-chains’ crystal structure and
stress-strain response are marked on the plot, indicated by numerical notations within angular
brackets < >. Its corresponding atomic arrangements are presented in Figs. 9b, 10b, and 11b
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while atoms are rendered with common neighbor analysis (CNA). Red, blue, green, and white
grey atoms respectively denote HCP atoms, BCC atoms, FCC atoms, and ‘other’ atoms, while
‘FCC’ atoms represent the stacking faults caused by dislocation glide and ‘other’ atoms represent
the other defects. All of the snapshots of the NP-chains during tensile loading were taken where
the dislocations are centered in the middle based on the periodic boundary condition used in the
x-direction.
The first stage in stress-strain curves is the elastic deformation stage where the extension
of the NP-chains commences with an elastic deformation from its initial state <1> to the yield
state <2>. Upon reaching the yield strength, the crystal structure experiences an abrupt
dislocation, as shown in state <3>. Due to propagation of partial dislocations, the transformation
from HCP to FCC-Ti appears. The HCP to FCC phase transformation in single-crystal Ti
nanopillars was previously introduced by Ren et al (2014). They suggested that the continuous
gliding of multiple Shockley partial dislocations inside the twinning region eventually leads to
the phase transformation from HCP to FCC. It has also been confirmed by the experiment results
that the HCP to FCC phase transformation can occur at nanoscale (Zhang and Ying 2002, and
Chakraborty et al 2011).
Firstly, the stress-strain curves of the NP-systems subjected to a strain rate of 0.001% ps-1
are presented in Fig. 9. The stress-strain responses of the prepared NP-chains using a heating rate
of 0.2 K ps-1 resulted the yield 39.5% faster than the system prepared by using a heating rate of
0.04 K ps-1 , as shown in Fig. 9b <2>. Thus, the dislocation propagates 39.2% faster, forming
stacking faults as shown in Fig. 9b <3>. At the strain of ε = 0.070 at state <4>, successive
dislocation and recrystallization form more orderly in the system using a heating rate of 0.04 K
ps-1 due to stronger connections formed in the neck region of the NPs before the tension tests.
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This phenomenon becomes more significant as the elongation proceeds as shown at the strain of
ε = 0.078 at state <5>.

Fig. 9 (a) Stress-strain responses of the obtained NP-chains subjected at ε̇ = 0.001% ps-1 with
points where snapshots of the NP-chains were captured and (b) Snapshots of atomic arrangement
of the NP-chains at various strain values.
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Fig. 10 (a) Stress-strain responses of the obtained NP-chains subjected at ε̇ = 0.01% ps-1 with
points where snapshots of the NP-chains were captured and (b) Snapshots of atomic arrangement
of the NP-chains at various strain values.
As ε̇ increases ten times from 0.001% (Fig. 9) to 0.01% ps-1 (Fig. 10), the yield strength
for both systems with different heating rates remains very close to that of the previous strain rate.
However, the yield strength increases slightly and the dislocations take place in state <3> at
higher strains for both heating rates as the strain rate increases. Recrystallization of FCC atoms at
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ε = 0.070 enlarges in the system produced with a heating rate of 0.04 K ps-1 in Fig. 10b <4>. The
recrystallization of atoms occurs slower in the system with a heating rate of 0.2 K ps-1 having
stacking faults still propagating into a larger region. This phenomenon becomes more significant
as the elongation proceeds as shown at the strain of ε = 0.078 in Fig. 10b <5> at both heating
rates.

Fig. 11 (a) Stress-strain responses of the obtained NP-chains subjected at ε̇ = 0.1% ps-1 with
points where snapshots of the NP-chains were captured and (b) Snapshots of atomic arrangement
of the NP-chains at various strain values.
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While the yield strength had no significant change as the strain rate increase from 0.001%
to 0.01% ps-1 , the yield takes place at higher strains with significantly higher yield strengths for
both heating rates when the strain rate increases to 0.1% ps-1 . The partial dislocations propagate
forming the stacking faults at a 22.8% higher strain than in Fig. 10b <3> in the system with a
heating rate of 0.04 K ps-1 at ε̇ = 0.1% ps-1 . An interesting phenomenon is observed during the
propagation of partial dislocations commencing in the system with the heating rate of 0.04 K ps-1 ,
in Fig. 11b <3>. Unlike the previous cases, two regions of the propagation of partial dislocations
are observed in the system with the heating rate of 0.04 K ps-1 , in Fig. 11b <3>. The number of
stacking faults increases in both systems as shown in Fig. 11b <3>. Recrystallization and
transformation from HCP to FCC-Ti through these stacking faults continue to propagate in the
NP-chains produced at both heating rates in Fig. 11b <4>.

4.4. Summary
This chapter gives insight into sintering behavior of five HCP Ti NPs during heating-andcooling process to form NP-chains, which are later subjected to uniaxial tensile strain in the xdirection for mechanical testing. First, the systems of Ti NP-chains are modeled considering final
heating temperatures and heating rates. It is confirmed in this study that the neck width and MSD
increase as the heating rate decreases and this is more significant as the final heating temperature
increases. The system heated to a higher temperature with a slower heating rate and cooled down
to the room temperature with stronger neck connections yields high tensile strengths when the
NP-chains are subjected to uniaxial tensile loads. The HCP to FCC transformation and the
formation of stacking faults occurred in the neck regions of the NP-chains of all tested systems.
The deformation under a uniaxial strain rate of 0.1 % ps-1 shows multiple regions of partial
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dislocation in the NP-chains formed after heated up to 1500 K at a slower rate of 0.04 K ps-1 .
The sintering behavior of HCP Ti NPs are studied and the strong neck connections in the NPs are
obtained in this work. The high strain rate applied to the obtained NP-chains with strong neck
connections resulted the enhancement in tensile strength of the final product.
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CHAPTER V
ATOMISTIC SIMULATION OF CORE/SHELL BIMETALLIC NANOPARTICLE
CHAINS UNDER TENSILE LOADING

In this chapter, bimetallic Ti/Al core/shell alloy NPs with different core volumes
presented in Chapter 3 are extended into five-NP systems similar to the systems presented in
Chapter 4 to study sintering behavior and tensile properties of the produced bimetallic alloy NPchains.

5.1. Introductory Remarks
Core/shell nanoparticles are NPs that are made of two or more distinct inorganic or
organic materials comprising an inner “core” and an outer “shell.” The unique structure of
nanoscale layers provides enhanced material properties and widespread applications (Kim et al.
2014; Wei et al. 2015). Synthesis and characterization of different types of core/shell
nanostructures are carried out by several researchers to study their enhanced material properties
and probable applications (Sarkar et al. 2016; Mallik et al. 2001; Law et al. 2006; Tang et al.
2011; Chen et al. 2006; Xia et al. 2012). However, due to experimental limitations ats nanoscale,
researchers have adapted molecular dynamics (MD) simulation techniques to synthesize and
characterize different types of nanomaterials. Several MD simulation studies on different types
of core/shell nanostructures are reported by several researchers showing enhanced material
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properties (Jing and Meng 2010; Hu et al. 2011; Naicker et al. 2005; Nguyen et al. 2011; Song
and Wen 2010; Zheng and Du 2015; Wang and Shin 2017; Sarkar and Das 2017). As per
literature survey, no study is yet reported on the mechanical properties of Ti/Al nanoparticles. In
this chapter, tensile responses of the produced Ti/Al core/shell NP-chains are investigated using
MD simulations. The influence of different core volume of the NPs and heating rates in the
sintering process are studied followed by strain rate effects on the tensile behavior to further
investigate the deformation characteristics of the final NP-chains. The different tensile properties
like tensile strength, rupture strain, and Young’s modulus were analyzed from the stress-strain
curves.

5.2. Computational Set-up
In Chapter 3, Ti/Al bimetallic core/shell NPs with different core volume fractions were
modeled using ATOMSK and geometry-optimized using CG method using LAMMPS. The
initial Ti/Al NPs of three different core volume fractions (3%, 12%, and 30%) are modeled into
each set of five-NP systems at an initial surface-to-surface distance of 3 Å. An NVT simulation
was run at 300 K for a total simulation time of 1 ns (time step of 2 fs) for a solid-state sintering
of the prepared five-NP systems. The cross-sectional views of the produced NP systems in this
study after room temperature sintering are given in Fig. 12. A periodic boundary condition is
used in the x-direction to mimic an infinite long NP-chain, while non-periodical boundary
condition is used in the other two directions. Subsequently, a system temperature ramp was
applied to the system to simulate the laser sintering based on the reported observation of
approximately linear temperature increase during laser heating of the metal NPs (Jiang et al.
2013). Two heating rates of 0.04 K, and 0.2 K ps-1 were chosen for the system to be heated up to
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T = 800 K while running an NPT ensemble. The system temperature was computed and
monitored every 100 steps during the heating process. All systems were then cooled to the room
temperature (298 K) at a rate of 0.08 Kps-1 . All systems were then equilibrated again at 298 K
for 1 ns to eliminate the possible pre-stresses state in the NP-chains due to the dynamic cooling
process. The NP-chains formed with stable neck connections among initially stand-alone
core/shell NPs after heating-and-cooling process were subjected to uniaxial tension at strain rates
of 0.001%, 0.01%, and 0.1% ps-1 .

Fig. 12 Cross-sectional views of five-NP systems after room temperature solid sintering.

5.3. Results
5.3.1. Tension Test
The strain rate effect on the tensile strengths of the produced Ti/Al core/shell NP-chains
with different core volumes are obtained in Fig. 13. The NP-chains in Figs. 13a, 13c, and 13e are
produced with a slower heating rate of 0.04 K ps-1 while those in Figs. 13b, 13d, and 13f are
produced with a faster heating rate of 0.2 K ps-1 . The point where the rupture occurs is marked
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on each curve. Table 3 summarizes the tensile properties obtained from those curves. It is
observed that as the core volume increases the tensile strength of the core/shell NP-chains
increases. This is because Ti has much higher tensile strength than Al thus increase in the
volume of Ti core enhances the tensile strength of the NP-chains. The Young’s modulus of the
NP-chains produced with 0.2 K ps-1 increases as the core volume increases. However, the NPchains with core volume of 3 % produced with 0.04 K ps-1 have the highest Young’s modulus at
all strain rates applied. This indicates that the reduction in precious core metal can be achieved
by controlling the heating rate during sintering process increasing stiffness of the final product.
As it was observed in the single-crystal NP chains in the previous chapter (see Section 4.3.2.),
the tensile strength of the NP-chains is higher when they are heated up at a lower heating rate.
The neck connections of the NP-chains became stronger at the lower heating rate because atoms
had longer time to interact with each other. This observation is consistent in Figs. 13a - 13d
where the core volumes of the NPs are 3% and 12%. However, Figs. 13e and 13f where the core
volume increases to 30% show a weaken dependence of the heating rate on the tensile strengths
of the final product. One possible reason for this can be referred to the findings from the six-NP
core/shell systems studied by Rahmani et al. (2018). It was found in their study that the melting
and solidification temperatures of the Cu/Al and Ti/Al nearly coincide, indicating that the
heating and/or cooling rates have minimal effect on the melting/ solidification behavior of the
six-NP systems. This observation implies that in the SLM process, so long as the maximum
processing temperature is controlled in such a fashion that the core metal is not melted, the part
solidifies at higher temperatures, thereby inducing high tensile strength regardless of the heating
rate. The atomic trajectories of the NP-chains during tension are further discussed in the next
section to gain insight of the effect crystal structure evolutions on the tensile properties of the
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final products.

Fig. 13 Stress-strain responses at various strain rates of Ti/Al NP-chains with different core
volumes formed by heating up to 800 K with heating rates of (a, c, e) 0.04 Kps-1 (b, d, f) 0.2 K
ps-1 and cooling down to 298 K.
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Table 3 Summary of mechanical properties of Ti/Al core/shell NP-chains
Strain rate
𝜀̇
Core volume fraction
First yield

3%

0.01% ps
12%

30%

0.034

0.034

0.034

0.040

0.035

0.038

0.046

0.040

σ∗fy

1.119

1.152

1.202

1.156

1.232

1.223

1.316

1.322

1.361

0.054

0.053

0.053

0.082

0.066

0.061

0.082

0.072

0.086

40.239

36.311

36.745

40.147

37.752

37.036

40.084

37.236

36.696

Strain rate
𝜀̇
Core volume fraction

Rupture

30%

0.030

Young’s modulus
𝐸∗𝑇𝑖/𝐴𝑙
*Units in GPa

First yield

0.001% ps
12%

Heating Rate: 0.04 K 𝐩𝐬−𝟏
0.1% ps −1
3%
12%
30%

−1

εfy

εru

Rupture

3%

−1

3%

0.001% ps
12%

−1

30%

3%

0.01% ps
12%

−1

30%

Heating Rate: 0.2 K 𝐩𝐬−𝟏
0.1% ps −1
3%
12%
30%

εfy

0.030

0.034

0.032

0.035

0.035

0.033

0.043

0.038

0.041

σ∗fy

1.023

1.145

1.200

1.075

1.154

1.228

1.193

1.198

1.330

εru

0.061

0.056

0.055

0.552

0.084

0.062

0.064

0.096

0.060

34.655

35.091

37.483

34.779

35.002

37.599

35.266

35.746

37.726

Young’s modulus
𝐸∗𝑇𝑖/𝐴𝑙
*Units in GPa

5.3.2. Deformation Mechanism
In this section, the final products produced by heating up to 800 K and cooling down to
the room temperature are then subjected to a strain rate of 0.1% ps-1 , as shown in Figs. 14a and
15a. To further investigate the effect of deformation mechanisms on the tensile strength of the
final products, CNA is utilized to explore the heating rate effect during the sintering process on
the NP-chains with different core volumes at various strains in Figs. 14b - d and 15b - d. Red,
blue, green, white grey and yellow atoms respectively denote HCP atoms, BCC atoms, FCC
atoms, ‘other’ atoms, and icosahedral coordination while ‘FCC’ atoms represent the stacking
faults caused by dislocation glide and ‘other’ atoms represent the other defects. All snapshots of
the NP-chains during tensile loading were taken where the dislocations are centered in the
middle based on the periodic boundary condition used in the x-direction.
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First, the Ti/Al core/shell NP-chains heated up to 800 K with a rate of 0.04 K ps-1 are
subjected to a strain rate of 0.1% ps-1 . The stress-strain curves of the obtained NP-chains of
different core volumes of 3%, 12%, and 30% are presented in Fig. 14a and corresponding atomic
trajectories at various strain values are shown in Figs. 14b, 14c, and 14d, respectively. It is
confirmed in Fig. 14a that the tensile strength of the core/shell NP-chain increases as the core
volume increases. It is also observed that the Young’s modulus is the highest at the NP-chains
with a core volume of 3%. Because of the large difference in the melting temperatures of Ti core
metal and Al shell, it is possible to sinter and melt the shell while the core metals are still solid,
so long as the temperature in the SLM process can be controlled at values below the melting
temperature of the core metal. The NP-chains with a core volume of 3% in Fig. 14b show FCC to
HCP crystal structure transformation occurred during the sintering process. As it is confirmed in
the previous chapter (See Section 4.3.1), the lower heating rate yields stronger neck connections
in the NP-chains and overall ductility of the product enhances. The formation of a single chain of
icosahedral atoms can be observed in Figs. 14b and 14d, where the NP-chains have a core
volume of 3% and 30%, respectively. Icosahedral chains have been previously found under
tensile loading in FCC metals such as gold (Park et al. 2005), copper (Sutrakar and Mahapatra
2008), etc. using MD simulations. The formation of icosahedral chains enhances the ductility of
the NP-chains and the rupture takes place at a higher strain as indicated in the stress-strain curves
of the NP-chains in Fig. 14a.
Following the same trend in Fig. 14a, the NP-chains produced with a heating rate of
0.2 K ps-1 in Fig.15a, show an increase in tensile strength. However, the elastic modulus
increases as the core volume increases. The corresponding atomic trajectories of the NP-chains
with core volume of 3%, 12%, and 30% are shown in Figs. 15b, 15c, and 15d, respectively.
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Fig. 14 (a) Stress-strain responses of the obtained NP-chains produced with heating rate of 0.04
K ps-1 subjected at ε̇ = 0.1 % ps-1 and snapshots of atomic arrangement of the NP-chains with
core volumes (b) 3% (c) 12% and (d) 30% at various strain values.

In contrast to the findings in Fig. 14, Fig. 15c shows only the NP-chains with a core
volume of 12% form the chain of icosahedral atoms thus rupture yields at a higher strain than the
other cases in Fig. 15a. This phenomenon is also congruent comparing the heating rate effect on
the rupture strain of the NP-chains subjected to the strain rate of 0.01 % ps−1 in Table 3. The
lower heating rate yields overall high tensile strength and ductility of the final product when
subjected to the strain rates of 0.01% and 0.1% ps−1 . However, the effect of the heating rate
becomes less significant as the strain rate decreases to 0.001% ps−1 . The rupture strains of the
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NP-chains of different core volumes produced by both heating rates nearly coincide at the lowest
strain rate as in Table 3.

Fig. 15 (a) Stress-strain responses of the obtained NP-chains produced with heating rate of 0.2
K ps-1 subjected at ε̇ = 0.1 % ps-1 and snapshots of atomic arrangement of the NP-chains with
core volumes (b) 3% (c) 12% and (d) 30% at various strain values.
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5.4. Summary
This chapter gives insight into the tensile properties of Ti/Al core/shell alloy NP-chains
with different core volumes when subjected to uniaxial tensile strains of 0.001 %, 0.01 % ps-1 ,
and 0.1 % ps-1 in the x-direction. Through a series of simulations involving five-NP systems with
varying core metal volume fractions, it is revealed that there is a significant effect associated
with the core volume fraction and heating rate in the sintering process on the tensile strength on
the final products. It is observed that as the core volume increases the tensile strength of the final
product increases. It is also found that controlling the heating rate during sintering process can
affect the stiffness of the final product leading possible reduction in precious core metal
constituent.
A deeper look is taken into the heating rate effect on the deformation characteristics of
the NP-chains with different core volumes subjected to a strain rate of 0.1 % ps-1 . At both cases,
there is enhancement in the ductility of the product where the formation of icosahedral chains
occurred. It is also confirmed that the overall ductility is enhanced when the NP-chains are
sintered at the lower heating rate because the neck connections of the product became stronger.
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